The effect of interdiffusion on the luminescence of InGaAs quantum dots grown by metal organic chemical vapor deposition with various In compositions was studied. The samples were subjected to thermal annealing with and without spin-on-glass. Up to 250meV blueshifts and narrowing of the linewidths by up to 60meV were observed in samples that were annealed without the dielectric cap. The effects of diffusion were seen at lower annealing temperatures for the samples with higher In content. The spin-on-glass created additional blueshift above that of simple thermal annealing. However, Ga-doped spin-on-glass suppressed significantly any additional intermixing other than that of simple thermal annealing. Strain is also a factor in the blueshift and narrowing of the photoluminescence. These results suggest that a range of bandgap energies could be achieved by selective area interdiffusion of the quantum dot samples.
INTRODUCTION
Quantum dots are of current interest because of their unique optical and electronic properties due to the 3D confinement and resulting atomic like density of states. One advantage is the energy levels are less dependant on temperature. From this we expect quantum dot lasers to have lower threshold current densities, higher differential gain and lower sensitivity to temperature 1 . Quantum dot lasers with these characteristics have been reported 2 .
Self-assembled quantum dots (SADs) are the most promising way to grow quantum dots of small size and high density. This method does no require processing or re-growth, which can introduce contamination and only utilizes the strain between materials of slightly different lattice constants. For strained systems (Ge on Si, InAs on GaAs etc.) after a few monolayers (ML) of growth there is a transition from layer by layer (2D) growth to islanding (3D) growth. The 2D layer before islanding occurs is called the wetting layer. This phenomenon was first studied for the InAs/GaAs case using molecular beam epitaxy (MBE) where the transition can be monitored by RHEED. However due to the growth mechanism of SADs there is a size distribution of these islands which causes a wider peak in the photoluminescence spectrum. This degrades the performance of QD lasers. Thermal annealing has been shown to reduce the photoluminescence linewidth and increase intensity of emission from quantum dots 3, 4, 5 .
Most quantum dot studies are on material grown by MBE due to its advantage of in-situ monitoring capability. There are several problems when growing the In(Ga)As dots by MOCVD. It has been found that the nucleation process of the dots is a little different than in the case on MBE. However the main problem is higher growth temperature required in MOCVD. For InGaAs growth the normal growth temperature is around 650°C, in contrast to ~450°C for MBE. At higher temperatures the dots become larger and tend to form clusters. Quantum dots grown by MOCVD at these low temperatures are of poor optical quality. InGaAs dots by MOCVD have been grown around 550°C and InAs at around 500°C. The next problem is the overgrowth/capping layer. Good quality AlGaAs material needs to be grown at 700°C or higher which has an annealing effect on the underlying dots.
Impurity free vacancy disordering (IFVD) is useful as a method of shifting the wavelength of a device after growth. This is done by depositing a layer of dielectric (typically silicon dioxide) and subjecting the sample to high temperatures. A lot of work has been done on quantum wells 6 and some preliminary work on quantum dots 4, 5 paper looks at the effect that temperature has on the quantum dots and investigates the possibility of tuning the wavelength of emission by IFVD.
EXPERIMENTAL DETAILS
Three different compositions of In x Ga 1-x As (x=0.5, 0.7 and 1) quantum dots were grown by low-pressure MOCVD. For all three samples the growth started with a 500nm GaAs buffer, a reference 5nm In 0.2 Ga 0.8 As quantum well and a further 300nm of GaAs, all at 650°C. The samples were then cooled to a lower temperature (550, 520 and 500°C for the x=0.5, 0.7 and 1, respectively) prior to the deposition of a layer of dots followed by a thin cap of GaAs. A further 300 nm of GaAs was then deposited while the temperature was ramp up to 650°C. The nominal thickness of the dots were 6ML, 5ML and 3ML with growth rates of 1.7ML/s, 1.5ML/s and 0.83ML/s, for x=0.5, 0.7 and 1, respectively. Similar growths where dots were deposited on the top of the wafer were also done under identical conditions and measured by atomic force microscopy (AFM). For the impurity free vacancy intermixing study, spin-on-glass (SOG) was then spun on to the samples and then cured at 300°C for 15mins 7 . Two types of SOGs were used; undoped and Ga-doped. After curing, half of each sample was etched in buffered HF solution to remove the silica and provide a reference. The samples were annealed in a rapid thermal annealer with proximity capping (to minimize excessive loss of As) under argon ambient for 30s in the temperature range of 700-900°C. Finally the remaining oxide was removed before photoluminescence (PL) measurement. Low temperature (10K) PL measurements were performed using an argon ion laser (514.5nm) at 10mW. The PL signal was dispersed through a 0.75m monochromator and collected with a liquid nitrogen-cooled Ge detector. Fig. 1 shows the low temperature PL of the three QD samples. The peaks at 875nm were the signals from the underlying reference QW. The signal from the In 0.5 Ga 0.5 As dots had high energy shoulder (980nm) from the main peak at 1096nm. The disappearance of this peak at 50K in a temperature dependent measurement confirmed that the peak was from the wetting layer. PL spectra from In 0.7 Ga 0.3 As and InAs dots did not show the wetting layer shoulder and the intensities were much weaker than the In 0.5 Ga 0.5 As dots with peaks occurring at 1102 and 1010nm, respectively. Redshift in the PL of the In 0.7 Ga 0.3 As dots was mainly due to the higher In content. Furthermore, these dots were also slightly larger than the In 0.5 Ga 0.5 As dots, which would cause a further redshift. The smaller intensity was consistent with the much lower density of surface dots measured with AFM. Other effects such as the strain field could cause a blueshift in the PL peak but in the case of In 0.7 Ga 0.3 As, this effect was not as strong as the composition effect. However for the InAs dots, a significant blueshift was observed indicating that the strain component was more significant than the shift associated with In composition. Intensity for the InAs dots was much weaker, presumably due to the presence of grown-in defects in the sample (as a result of low growth temperature and/or partial relaxation of strain in the dots). The linewidths for the three samples were 87, 98 and 98meV for the In 0.5 Ga 0.5 As, In 0.7 Ga 0.3 As and InAs samples, respectively. 
RESULTS AND DISCUSSION

As-grown samples
Thermal Annealing
The intermixing/interdiffusion of the QDs with the GaAs capping layers were investigated by thermal annealing. Figure  2 shows the PL spectra for In 0.7 Ga 0.3 As dots annealed for 30s in a rapid thermal annealer in the temperature range of 700-900°C. Two main features were noted from this figure: (1) increasing blueshift with annealing temperature and (2) narrowing of linewidths with increasing intermixing. Similarly, these features were observed for the In 0.5 Ga 0.5 As and InAs dots. These features have been reported by many groups 3.4.5.8 . It is a general consensus that the blueshifts are attributed to the interdiffusion of In/Ga atoms in the growth (vertical) directions during annealing which effectively reduces the In content in the dots. However, there still exists some controversy in explaining the narrowing of the linewidths with annealing temperature. More of this will be discussed in the next section. It should also be noted the intensity from the QDs increased with annealing temperature except for the case of 900 °C. One possible explanation of this could be the annealing of grown-in defects 9 . However the total area of the peaks actually decreases with increased annealing temperature. Also at 900˚C, there is a blueshift in the reference In 0.2 Ga 0.8 As QW. Figure 3a and b compares the PL shifts and linewidths of the three different samples, respectively, as a function of annealing temperature. In both plots, the shift in meV and percentage linewidth were referenced to the as-grown sample. Up to ~250meV shift was observed at 900 °C. However, no PL signal was detected for the InAs sample. An Arrhenius plot resulted in the activation energy for intermixing to be 1.37, 1.1 and 1.25eV for In 0.5 Ga 0.5 As, In 0.7 Ga 0.3 As and InAs dots, respectively. As expected, the interdiffusion process in In 0.7 Ga 0.3 As dots was larger than that in In 0.5 Ga 0.5 As dots due to the higher concentration gradient of In. However, this was not the case for InAs dots despite the even higher concentration gradient of In. One likely proposition for this is strain relaxation. In the InAs sample where there is extremely large strain field around the dots, thermal annealing could fully or partially relax the strain. This could also explain the decrease in the PL intensity and the disapperance of the PL signal at 900°C for the InAs samples. The relaxation of strain would result in a redshift in the PL peak. Hence, the energy shift due to thermallyinduced intermixing in QDs is a fine balance between atomic interdiffusion and strain relaxation.
The reduction in linewidths for all three samples showed similar trend with annealing temperature. The linewidth decreased almost linearly with increased blueshift. Furthermore, samples with more In mole fraction consistently had more narrowing than those with less In content. Several models have been proposed to explain this narrowing effect, such as the increase in the effective dot size (i.e. reduced inhomogeneous broadening) 3,4 and complete intermixing (i.e. complete transition from QDs to QWs) 8 . Although our results could not conclusively identify a mechanism for this effect, they do show that increasing In content in the dots narrowed the linewidths. 
Impurity Free Vacancy Disordering
The effect of various dielectric capping layers on intermixing of the In 0.5 Ga 0.5 As dots are shown in the PL spectra of Figure 4 . The reference spectrum for the as-grown sample is also shown for comparison. In addition to intermixing caused by thermal interdiffusion, both dielectrics caps used in this work resulted in further blueshift and narrowing of the linewidths. The undoped spin-on-glass resulted in a larger intermixing than the Ga-doped spin-on-glass. The SOG acts as a sink for outdiffusion of Ga atoms from the underlying dielectric-semiconductor interface during annealing. As a result, Ga vacancies are injected and diffused into the semiconductor. However this process depends on the annealing temperature and the stress imposed on the semiconductor at the dielectric-semiconductor interface 6, 7 . The injection of the Ga vacancies across the QDs further enhanced the interdiffusion process of In/Ga atoms (in addition to the effect due to thermal interdiffusion alone). The underlying reference InGaAs QWs were not intermixed appreciably as they were located at a depth (0.6 µm from the surface) that was beyond the diffusion length of the vacancies. As expected, the SOG doped with Ga showed a much reduced intermixing compared to the undoped SOG due to the reduced affinity of outdiffusion of Ga atoms into a layer with already high concentration of Ga present. However, unlike other observations 10 , where Ga-doped SOG significantly suppress intermixing in InGaAs QWs, there was still some blueshift (12 meV) from the sample which was annealed without a dielectric cap. This could be due to the lateral intermixing in the QDs sample which did not exist for QW samples observed in that study 10 . In the case of In 0.7 Ga 0.3 As some shift was seen (~10meV) and for InAs dots, no appreciable shift (<5meV) was observed with Ga-doped SOG. 
SUMMARY
The affect of thermal annealing on quantum dots is much larger than for quantum wells for a given annealing temperature. Up to 250meV shifts and progressive narrowing of the luminescence linewidths were observed. The extent of intermixing for In 0.7 Ga 0.3 As dots was larger than that in In 0.5 Ga 0.5 As dots due to the higher concentration gradient of In but the opposite is true for the InAs dots. This could be due to strain relaxation occuring in the InAs samples. Adding a layer of spin-on-glass on top of the sample further enhances intermixing. However, Ga-doped spinon-glass suppressed significantly any additional intermixing other than that of simple thermal annealing. The effect of the spin-on-glass seems to have some dependence on the In content of the dots.
